Abstract: Hybrid AlGaInAs/InP microring lasers with sloped sidewalls coupled to a silicon waveguide are investigated numerically and experimentally. The mode field distribution deviations for the microring resonator with the sloped sidewalls at different tilting angles are simulated by a 3-D finite-difference time-domain technique. Obvious enhancements of output coupling to the silicon waveguide and the active region optical confinement factor can be expected as the microresonator has a trapezoidal shape. A hybrid microring laser with a radius of 19 "m and a width of 2 "m is fabricated with the laser wafer bonded on a silicon-on-insulator wafer using the divinylsiloxane-benzocyclobutene (DVS-BCB) adhesive bonding technique. Continuous-wave electrically injected operation is realized at a tilting angle of À6 with the threshold currents of 7.8 and 9 mA at 12 C and 22 C. In addition, for a hybrid microring laser with a radius of 29 "m and a ring width of 2.5 "m, continuous-wave electrical operation up to 50 C is achieved.
Introduction
Silicon photonics have been put on agenda for meeting the requirements of large-scale photonic integration due to the high index contrast with silica and compatible with complementary metal oxide semiconductor (CMOS) process [1] , [2] , and silicon based functional passive devices have been extensively investigated, such as filters [3] , switches [4] , modulators [5] , and buffers [6] . A low-power consumption light source on silicon is essential in the photonic integration circuits, however, silicon based lasers are difficult to achieve due to the indirect band gap and poor emission efficiency [7] , [8] . The hybrid integration of III-V materials on silicon and silicon-on-insulator (SOI) through die-to-wafer bonding techniques have attracted great attention to realize hybrid silicon lasers for the photonic integration, such as direct molecular bonding technique [9] , [10] , divinylsiloxane-benzocyclobutene (DVS-BCB) adhesive bonding technique [11] , [12] , and metal bonding technique [13] . Hybrid microdisk and microring lasers with the merits of small footprint and low threshold were demonstrated by the hybrid integration techniques [14] - [16] . Recently, we have demonstrated a sixteen-wavelength hybrid microdisk laser array adhesively bonded on a SOI silicon waveguide with a channel spacing about 3 nm [17] . In a micro-disk or ring resonator, the light propagates around the periphery of the resonator via the total internal reflection. For the InP-based microlasers with sloped sidewalls, the quality factor and optical confinement factor will dramatically decrease due to the large radiation loss to the substrate, which leads to a high threshold operation and low output coupling efficiency [18] . However, for the hybrid microdisk and microring lasers bonded on SOI, vertically strong waveguiding will limit the vertical radiation loss.
In this paper, the sloped angles of resonator sidewalls are designed to improve the performance of the hybrid microlasers. The mode characteristics are firstly investigated for the hybrid microring lasers with sloped sidewalls using the three-dimensional (3-D) finite-difference timedomain (FDTD) method. Obvious enhancements of waveguide output coupling efficiency and the optical confinement factor are obtained as the tilting angle of microring resonator is less than 0. Then hybrid AlGaInAs/InP microring lasers vertically coupled to a SOI silicon waveguide are fabricated using the standard photolithography and DVS-BCB adhesive bonding techniques. Continuous-wave electrical operations with the threshold currents of 7.8 and 9 mA are realized at 12 and 22 C, respectively, for a hybrid microring laser with a radius of 19 "m and a width of 2 "m, and the sloped tilting angle of À6
. For a hybrid microring laser with a radius of 29 "m and the ring width of 2.5 "m, continuous-wave electrical operation up to 50 C is achieved.
Mode Simulation for the Hybrid Microring Lasers With Sloped Sidewalls
In this section, the mode characteristics of a small size microring resonator are investigated for the transverse electric (TE) modes by 3D FDTD technique using the Rsoft FullWAVE package. For the 3D microring resonator with the cross-sectional view as in Fig. 1 , we consider the influence of the tilting angle on the mode characteristics for the resonator with the radius at the middle of active region of 3 "m and the microring width of 1.5 "m. The simulated cavity size is mainly limited by the computation power of our computing system. The thicknesses of the upper-and lower-InP cladding layers, the active region, BCB layer and buried oxide layer are 1.2, 0.35, 0.3, 0.45, and 1 "m, respectively, following the practical lasers. The width and height of the silicon waveguide are taken to be 500 nm and 350 nm. The refractive indices of the InP layer, the active region, the BCB layer and the silicon waveguide are 3.14, 3.4, 1.54 and 3.48, respectively [19] . The thicknesses of the insulating layer SiO 2 and the gold electrode layer are taken to be 300 nm and 200 nm, with the refractive indices of 1.45 and 0:18 þ i10:2, respectively. The n-InP cladding layer in the external region of the microring resonator is etched to leave a layer thickness of 100 nm as the bottom contacting layer.
In the simulation, a mesh with a cell size of 40 nm in the x and y directions and a cell size of 25 nm in the z direction are used, and perfectly matched layer (PML) absorbing boundary conditions are applied to terminate the FDTD computation window. Firstly, a Gaussian modulated cosine exciting source Pðt Þ ¼ exp½Àðt À t 0 Þ 2 =t 2 w cosð2%f 0 t Þ is used inside the microring resonator, with the half-width of the pulse t w ¼ 5:167 fs, pulse center t 0 ¼ 2t w , and center frequency f 0 ¼ 193:5 THz to excite multiple modes over a wide frequency range. Then, mode intensity spectra are calculated using the Padé approximation [20] , and a narrowband pulsed exciting source centered at the mode resonate frequency of 210 THz with t w ¼ 833:3 fs and t 0 ¼ 2t w is chosen to simulate the mode field distribution and Q-factor for the mode TE 0 1;37 according to the mode intensity spectra.
The cross-sectional field patterns of the magnetic field H z at y ¼ 0 are plotted in Fig. 2 for the mode TE in a microring with a radius of 3 "m and a ring width of 1.5 "m. respectively. We find that the Q-factor drops as decreases due to the increasing coupling loss to the bottom contacting layer and the silicon waveguide. The mode Q-factors for the microring resonator with a silicon waveguide Q w are 4:2 Â 10 3 , 6:7 Â 10 3 , and 1:1 Â 10 4 at ¼ À8 , 0, and 5 , respectively, and the corresponding mode Q-factors for the microring resonator without a silicon waveguide Q wo are 7:7 Â 10 3 , 1 Â 10 4 , and 1:5 Â 10 4 . According to the relation between the mode Q-factor and the mode loss of Q ¼ n g k 0 =, where k 0 is the wavenumber in vacuum, n g ¼ 3:5 is the group refractive index [18] , and we calculate the total mode loss versus as shown in Fig. 4(b) . The waveguide coupling loss c shown in Fig. 4(b) is calculated by [21] 
The total mode loss for the microring resonator with the underlying silicon waveguide is 36.4, 23.1, and 14 cm À1 at ¼ À8 , 0, and 5 , respectively, and the corresponding waveguide coupling loss is 16.5, 8.0, and 3.5 cm À1 . The waveguide coupling output efficiency defined as the ratio of c to is plotted as a function of in Fig. 5(a) for the mode TE 0 1;37 , with the efficiency of 45.3%, 34.6%, and 25% at ¼ À8 , 0, and 5 . In addition, we also consider the microring resonator coupled to a silicon waveguide with a width of 2 "m, and get the output efficiency of 60.7%
50.2%, and 42.6% for the mode TE 0 1;37 at ¼ À8 , 0, and 5 due to the larger coupling region.
Furthermore, the quantum well optical confinement factor À , defined as the ratio of the mode energy confined in the active region quantum well to the total mode energy, is also shown in 
where q is the elementary electric charge, V is the active region volume, N tr is the transparent carrier density, À is the quantum well optical confinement factor, g 0 is the quantum well material gain, i is the injection efficiency, i is the internal modal loss, B is the bimolecular recombination coefficient, C QW is temperature dependent Auger coefficient, and m is the cavity outcoupler loss. The parameters N tr ¼ 1:9 Â 10 18 cm À3 , g 0 ¼ 900 cm À1 , i ¼ 0:6, B ¼ 10 À10 cm 3 =s, and C QW ¼ 2:685 Â 10 À29 cm 6 =s at 293 K are used in the simulation. The calculated threshold current I th versus is plotted in Fig. 5(b) at the different internal loss i for the microring lasers with a radius of 3 "m and a width of 1.5 "m. The threshold current decreases with from 0 to À8 due to the higher quantum well optical confinement factor, and the corresponding waveguide coupling output efficiency increases from 25% to 45.3%. For G À 8 , the optical confinement factor varies slowly, and the threshold current increases due to the larger coupling loss to the silicon waveguide. For 5 > > 0, the threshold current almost keeps constant caused by the balance between the high Q-factor and low optical confinement factor.
Hence, the simulation results indicate that the microring resonator with sloped sidewalls can compel the mode field distribution shift to the silicon waveguide as G 0, and enhance coupling output efficiency to the silicon waveguide and optical confinement factor due to the high index contrast with BCB layer. For the tilting angle from 0 to À8 , the coupling output efficiency increases from 25% to 45.3%, and the lower threshold current is expected simultaneously. In fact, we can adjust the thicknesses of the bottom InP contacting layer thickness, the SiO 2 isolation layer thickness, and the tilting angle to optimize the mode Q-factor and the output-coupling efficiency. The simulated Q-factor, waveguide coupling output efficiency and threshold current I th are summarized in Table 1 for the microring resonator with a radius of 3 "m and a width of 1.5 "m at i ¼ 35 cm
À1 and ¼ À8
, and the bottom contacting layer thickness d ¼ 0, 50, 100, 150, and 200 nm, for the mode TE 0 1;37 . As d decreases from 200 to 0 nm, the Q-factor increases from 1911 to 9071, corresponding coupling output efficiency also increases from 14.9% to 60%, and the threshold current reduces from 1.29 to 0.66 mA. Therefore, the high output efficiency and low threshold current can be expected simultaneously by improving the structure design. 
Fabrication Processes
The hybrid microring laser is fabricated using an AlGaInAs/InP laser wafer grown on a The AlGaInAs/InP laser wafer is bonded on a patterned SOI wafer with silicon optical waveguides using DVS-BCB Cyclotene 3022-35. The SOI optical waveguides are formed in the SOI wafer with a 360 nm top-silicon and a 1-"m buried oxide (BOX). The simple cleanings are performed for SOI wafer, and the adhesion promoter solution is spin-coated on the SOI wafer to improve the adhesion of the polymer. Then the DVS-BCB solution is spin-coated onto the SOI wafer, and the BCB thickness upon the silicon waveguide is less than 100 nm in order to keep high coupling output efficiency to the silicon waveguide. After that, the SOI substrate is baked for 15 min at 140 C to remove the solvents, and the laser wafer die at a size of 1 Â 1 cm 2 is bonded on the SOI wafer. The bonded wafer is annealed at 250 C for 1 hour in a N 2 atmosphere. Finally the bonded laser wafer is slowly cooled down to room temperature, and the p-InP substrate is removed by physically grinding and chemical etching processes, with a 3:1 HCl/H 2 O solution to remove the InP substrate and a 3:1:1 H 2 SO 4 =H 2 O 2 =H 2 O solution to etch the InGaAsP etch-stop layer.
The fabrication processes of hybrid microring lasers are summarized as follows. Firstly, a 500 nm SiO 2 layer is deposited on the bonded laser wafer by plasma enhanced chemical vapor deposition (PECVD). The microring resonator patterns are transferred onto the SiO 2 layer using standard contacting photolithography technique. Then, the patterned SiO 2 layer is used as a hard mask to etch the AlGaInAs/InP laser wafer with a total etching depth of about 1.7 "m to the bottom contacting layer by inductively coupled plasma (ICP) etching process. Subsequently, HF solution is used to remove the residual SiO 2 hard mask with the microring patterns in the laser wafer. Thirdly, an Au-Ge-Ni n-electrode layer away from the microring resonator of about 2 "m is deposited by electron-beam evaporation and lift-off techniques. After that, a 300 nm SiO 2 insulating layer is deposited by PECVD on the wafer. Finally, a p-type contact window is etched on top of the microring resonator, and a Ti-Pt-Au p-electrode is deposited, totally covering the microring resonator to improve the thermal characteristics. The top-view microscope image of two hybrid microring lasers covered by the p-electrode metallic layer is shown in Fig. 6(a) , and the scanning-electron microscope (SEM) image of the cross-sectional hybrid microring resonator with sloped tilting angle of about À6 is displayed in Fig. 6(b) . The underlying
Si rib waveguide has a etch depth of 300 nm, a width of 2 "m, and a 40-nm-thick outer slab.
The BCB thickness above the Si rib waveguide is about 100 nm, and the bottom contacting InP layer thickness is about 150 nm. 
Output Characteristics of Hybrid Microring Lasers Coupled to a Silicon Waveguide
The hybrid microring lasers with the p-side up are bonded on a thermoelectric cooler (TEC) after cleaving the silicon waveguide. For an AlGaInAs/Si microring laser with a radius of 19 "m and a ring width of 2 "m, the output powers versus continuous-wave (CW) injection currents are shown in Fig. 7(a) at the TEC temperatures of 12 C and 22 C. The output powers are measured through a multi-mode fiber positioned near the cleaved silicon waveguide end face. The corresponding threshold currents are 7.8 and 9 mA and the maximum output powers are 36 and 24 "W, respectively, at 12 and 22 C. The threshold current density is 3.45 kA/cm 2 at 12 C, and a series resistance of 43 is estimated from the voltage-current curve at 22 C in Fig. 7(a) . Besides, the abrupt kinks are observed in the output power-injection current curves, which are caused by the mode jumps as well as mode competition between the clockwise and the counter-clockwise propagating modes. The lasing spectra at CW injection currents of 10 and 15 mA are measured and plotted in Fig. 7(b) at the TEC temperature of 22 C. Single mode operation with the side-mode-suppression ratios (SMSR) of 21.5 and 25.5 dB is obtained at 10 and 15 mA, with the main lasing mode jumping from 1577.79 nm to 1591.49 nm and a thermal-induced mode wavelength shift about 1.8 nm. The mode wavelength shift versus the dissipated power is about 0.19 nm/mW based on the applied electric power. Considering the lasing mode wavelength redshift rate of 0.1 nm/K, we expect a temperature rise of about 18 K from 10 to 15 mA and a thermal resistance of 1.9 K/mW. The observed longitudinal mode interval is 5.9 nm at 1585 nm, which corresponds to a group index of 3.6.
For a hybrid microring laser with the radius of 29 "m and the ring width of 2.5 "m, Fig. 7(c) shows the measured output powers versus CW injection currents. The threshold currents are 7.8, 10.6, 11.8, and 17.1 mA, respectively, at the TEC temperatures of 12, 22, 30, and 50 C, As the microring radius increases to 19 "m, the threshold current density decreases to 3.45 kA/cm 2 , due to the higher mode Q-factor. Obvious reductions of threshold current density and threshold current are observed for the microring width of 2.5 "m, mainly caused by relatively low radiation loss. The large threshold current density is attributed to the low quality factor caused by radiation loss through the thick bottom n-InP contacting layer, and therefore, the precise etching process is needed to improve the output characteristics. For the microring laser with a radius of 19 "m and a width of 2 "m, the active region volume is 10.7 times the microring structure used in Table 1 . The corresponding threshold current in Fig. 8 is also about 10 times the simulated value in Table 1 .
Conclusion
In conclusion, we have proposed and demonstrated a hybrid silicon AlGaInAs/InP microring laser with the sloped sidewalls, and the mode characteristics are investigated by the 3-D FDTD technique. The mode field pattern deviations caused by the sloped sidewalls are studied, and the enhancements of waveguide coupling output efficiency and low threshold operation are expected with a tilting angle of about À6 . The hybrid microring lasers with the sloped sidewalls are fabricated using DVS-BCB bonding technique, and continuous-wave electrically injected lasing with the threshold current of 7.8 and 9 mA is obtained for a microring laser with a radius of 19 "m and a width of 2 "m at 12 and 22 C. For a hybrid microring laser with a radius of 29 "m and a ring width of 2.5 "m, continuous-wave electrical operation up to 50 C is achieved. 
